ABSTRACT. Combined analysis of paleoenvironment, 13 C, 15 N, and 14 C in bone, including paired dating of human bone and terrestrial materials (herbivore bone, wood, charcoal, and textile) has been performed on many samples excavated from Russian kurgan graves. The data can be used for dietary reconstruction, and reservoir corrections for 14 C dating of human bone. The latter is essential for an accurate construction of chronologies for the Eneolithic and Bronze Age cultures of the Caspian steppes.
INTRODUCTION
The absolute chronology of Eneolithic-Bronze Age cultures of the Caspian steppes is based on series of radiocarbon age measurements of samples taken from kurgans and graves. Kurgans (tumuli) are architectural constructions. They consist of a segment-shaped mound, encircled by a round or oval ditch. In some cases, the upper part of the mound was made flat. A mound was put up over a primary burial when this burial was roofed. Each kurgan embankment was built over 1 grave, or very seldom over 2 or 3 graves. The first kurgans in the studied area appeared during the Eneolithic Age, and became the main funeral sites across the steppe areas starting from the Yamnaya culture. In some cases, population groups of different cultures used the kurgans of their predecessors. Thus, many secondary graves were added to the original kurgans. The chronological sequence of Bronze Age steppe cultures is traditionally based on the analysis of kurgan stratification.
The absolute chronologies are based on series of calibrated 14 C dates. Dates obtained for human bones should be carefully and critically evaluated because of possible reservoir effects, i.e. an offset in 14 C from the coeval atmosphere, caused by a diet of fish or mollusks in human bone. For the area of the Caspian steppes, such effects have been identified earlier for the Early Catacomb and East Manych Catacomb cultures ; van der ).
The goal of the present project is to study and discuss possible reservoir effects in human bone collagen obtained from other Eneolithic and Bronze Age cultures. Therefore, we obtained paired dates from samples of different materials that are believed, from their context, to be contemporary from the same graves. We also measured the stable isotopes 13 C and 15 N on the sample bone collagen, and studied relevant paleoclimatic data. The regional paleoclimate revealed frequent and sometimes sharp climatic changes, a succession of relatively humid and dry periods that lasted a few centuries. This led to changes of annual precipitation, resulting in quantitative and qualitative changes of morphological and chemical properties of soils, local vegetation, and water resources available, as well as changes in human exploitation of natural food resources (Shishlina 2008) . Climate changes can also result in different stable isotope ratio values as has been observed in ancient Egypt (Thompson et al. 2005) .
Here, we present data from 7 archaeological cultures: the Eneolithic, Steppe Majkop, Yamnaya, Steppe North Caucasus, Early Catacomb, Eastern Manych, and Lola cultures. The people of these cultures were mobile pastoralists who exploited different ecological areas of the Caspian steppes and nearby areas of the Volga River and North Caucasus steppes. The location of the sites is shown in Figure 1 .
METHODS
The study of soils buried under Bronze Age kurgans yield new data on paleoenvironmental conditions in the Eurasian Caspian steppe areas. We have studied the geochemical characteristics of the soil, as well as pollen and phytoliths. This way, climatic variations are analyzed within the time range of 4300-2300 BC (Demkin et al. 2002a,b; Shishlina 2008 ).
For fossil bones, collagen was extracted using an improved version of the Longin method (Mook and Streurman 1983) . In Groningen, the sample was combusted into CO 2 and purified using an elemental analyzer/mass spectrometer (EA/MS) combination (Aerts-Bijma et al. 2001) . The CO 2 is collected cryogenically for off-line graphite production. The graphite powder is pressed into targets which are placed in the sample carousel of the AMS. The AMS measures the isotopic ratios 14 C/ 12 C and 13 C/ 12 C of the graphite (van der Plicht et al. 2000) . From these measured isotopic ratios, the 14 C activities are calculated, including the correction for isotopic fractionation. From this, the conventional 14 C dates are calculated, which are reported in BP. In addition, the EA/MS also provides the δ 13 C and δ 15 N stable isotope ratios. Figure 1 Map showing the sites discussed: 1-Khvalynsk; 2-Nalchik; 3-Myskhako; 4-Mandjikiny-1; 5-Sharakhalsun-6; 6-Aygursky-2; 7-Zolotarevka-1; 8-Novosvobodnaya/Klady; 9-Mu-Sharet-4; 10-Mandjikiny-2; 11-Khar-Zukha; 12-Poludny; 13-Chilgir; 14-Peschany V; 15-Zynda-Tolga-3; 65; III, and V; Conventional 14 C dates were obtained at the Institute of Geography of the Russian Academy of Sciences using liquid scintillation. Stable isotope ratios were also measured at the Institute of Geochemistry and Analytical Chemistry, Russian Academy of Sciences, on a DELTA Plus XP (ThermoFinnigan) isotope mass spectrometer linked with an element analyzer, Flash EA 1112. Additional stable isotope measurements have been done in Oxford. Dietary components obtained from previous research are used as well Shishlina 2008) .
A variety of carbon-containing samples (i.e. terrestrial wood, seeds, river shells and fish bones, bones of humans, and domesticated animals obtained from the same context, i.e. the grave) were used for paired 14 C dating. The 14 C dates are calibrated using the CALIB program and the IntCal04 data set (Reimer et al. 2004) .
RESULTS AND DISCUSSION

The Paleoenvironment
Paleoclimatic investigations based on analyses of soils buried under Bronze Age kurgans (Kremenetsky 1997:32-3; Ivanov and Demkin 1999; Demkin et al. 2002a Demkin et al. :118-22, 2002b Shishlina 2008) resulted in the establishment of distinct climatic periods during the time interval 4300-2000 BC. Periods of relatively humid and dry periods lasted for several centuries, during which slight variations in the groundwater level may have caused changes in vegetation, soil, and fauna. Our investigations resulted in the establishment of a succession of climatic periods, summarized in Table 1 . Steppe Majkop 3000-2600 cal BC Favorable climatic period, which was humid and warm, an average annual precipitation rate of around 400 mm, predominance of mixed grass steppes; at the end of the first half of the 3rd millennium BC, a process of gradual aridization began.
Yamnaya 2600-2300 cal BC Abrupt aridization; summer temperature increased and winter temperature became lower, and the amount of precipitation decreased; dry steppes were replaced with semi-desert landscapes, characterized by wormwood and fescue corresponding to a very dry climate; the forest area over ravines was reduced; the annual precipitation was 40-60 mm lower than today, and 140-160 lower than it was during the previous period.
Late Yamnaya, Steppe North Caucasus, Early Catacomb, and Early East Manych Catacomb 2300-2000 cal BC Continuation of the aridization, predominance of semidesert landscapes, further reduction of forest areas.
East Manych Catacomb and Lola
Stable Isotope Measurements
We measured the stable isotope ratios δ 13 C and δ 15 N in human and animal bones representing cultures exploiting the same ecological niches during different ecological conditions. These isotope ratios indicate the main components of the diet. It is most instructive to present the data for each culture separately.
The Eneolithic cultures (4300-3800 cal BC) were the first to develop a pastoral economy. We measured the stable isotopes δ 13 C and δ 15 N for the human bones that were previously dated by 14 C, as well as for domesticated animals and a dolphin obtained from the Eneolithic sites. These stable isotope data are shown in Table 2 , and plotted in Figure 2 . The data show that the Eneolithic populations had a diet based on river products. This is confirmed by catfish (Silurus glanis) bones and special fishing tools (hooks and harpoons) found at Eneolithic sites (Agapov et al. 1990 ). The Steppe Majkop population (3800-3000 cal BC) penetrated into the open steppe under favorable conditions. They are considered to be agriculturalists and pastoralists (Munchaev 1975) . The stable isotope ratios δ 13 C and δ 15 N for human and animal bones were measured (Table 3, Figure 3 ). The new data indicate that river products were the main dietary components of people who occupied steppe ecological areas at that time. They also gathered wild steppe gramineous C 3 plants (Shishlina 2008) .
The Yamnaya culture population (3000-2450 cal BC) occupied various ecological areas, exploiting all food resources. Stable isotope data obtained for human and animal bones (Table 4, Figure 4 ) suggest that river products were a major food source for this population, male and female alike. This conclusion is confirmed by finds of river fish bones and shells of edible mollusks (like pearl oysters) in the Yamnaya burials Krivaya Luka IX and XXI. During more humid conditions, the steppe rivers were apparently abundant with fish. Fish were caught with nets; mats in the form of a knotless net were found in some graves. Ethnographic data show that woven mats were used to catch fish (Rybina 2003) ; similar items have been identified in the collection of mats coming from Yamnaya graves we have studied (Shishlina 2008) . Shells of river mollusks and bird eggs were collected for food as well as many edible C 3 plants (Shishlina 2008) , i.e. wild steppe C 3 gramineous plants (Hordeum), Poaceae, Fabaceae, and Ephedra.
The Steppe North Caucasus population (2500-2300 BC) began to penetrate the Caspian steppes from the North Caucasus region during a period of climatic deterioration. It led to a reduction in the number of potential winter and summer grasslands, arable lands, and lands suitable for growing vegetables on the steppe, piedmont, and coastline areas of the North Caucasus (Gey 1989) . In the end, New measurements of stable isotope ratios in human bone collagen showed that river products such as fish and mollusks were important elements of the diet system of the Steppe North Caucasus population (Table 5 , Figure 5 ). Food and economic resources were provided by fishing, e.g. trout from the Konstantinovskoye plateau (Markovin 1994) and carp from North Caucasus found in graves of the Kuban region (Nechitailo 1979) as well as by gathering wild plants and root crops (Shishlina 2008 ).
The Early Catacomb culture population (2600-2350 BC) was also spread out in the studied area during the initial period of climate aridization. The Early Catacomb people were seasonal pastoralists. They were part of the peoples migrating out of southern part of the North Caucasus piedmont area, the Taman Peninsula, the Asov Sea steppes, and the Don River valleys (Shishlina 2008) . They made use of all the food resources of the occupied areas, including edible C 3 plants, aquatic resources, as well as domesticated and wild animals (Shishlina 2008 ). Some C 4 plants are present in the vessel residues as well as in the pastures (identified in the soils buried under kurgans). We show here a large series of δ 13 C and δ 15 N measurements on human and animal bone (see Figure 6 ). Part of these data were published before Shishlina 2008 ). The Eastern Manych Catacomb culture population (2500-2000 cal BC) lived across the entire Caspian steppes during unfavorable environmental conditions. Aridization affected many Eurasian regions and led to severe climatic disasters, a change in landscapes, and changes in the hydrological network and vegetation, all affecting human activities. Many rivers and lakes became dry during the summer. Aridization that occurred on the Sarpa and Caspian plains caused a drop in groundwater levels and mineralization (Ivanov and Demkin 1999) .
The stable isotope ratios of human and animal bone collagen show that all individuals had a diet based largely (at least for protein) on river and lake food ) (shown in Table 6 and Figure 7 ). They also consumed many C 3 wild steppe plants. Some C 4 plants, belonging to Atriplix, Chenopodiaceae, Rumex, and Polygonaceae, were also identified in vessel residues and in stomach remains (Shishlina 2008 : Table 30 ). Kurgan/grave/sex/age
The majority of animal bones show a very broad range of δ 13 C and δ 15 N values. Several sheep (Baga-Burul; Zunda-Tolga-1, Chilgir, Yergueni) show high values of δ 15 N (+10.39 to +13.72‰) and also of δ 13 C (−14.27 to −16.74‰). This can be explained by arid conditions (Bocherens et al. 2006 ).
The population of the Lola culture appeared in the steppes during the end of the Eastern Manych Catacomb cultural period. The climate was still severe, leading to the development of a mobile pastoral economy. The stable isotope values for both human and animal fossil bones overlap each other (see Table 7 and Figure 8 ). Animals show high δ 15 N values (+12.30‰) and high δ 13 C values (around −16‰).
Radiocarbon Dating
Parallel dating of animal and human bone, as well as wood samples, have been conducted for the studied cultures. The results are shown in Table 8 . Paired 14 C dating of human, sheep, and cow bones from the Eneolithic Khvalynsk graves was used in order to quantify the size of reservoir effect. The human bone from Khvalynsk II, grave 10, is 220 yr older than contemporaneous cow bone from the same grave. The date of a ring made of ungulate bone from Khvalynsk I, grave 147, is the same as for the cow bone. For this grave, the reservoir effect appears to be about 275 yr.
The chronology of the Steppe Majkop culture is so far only based on 14 C dates of human bones and 1 bead made of animal bone (Shishlina 2008) . Paired dates for the Steppe Majkop culture are not yet available.
Paired dating of Yamnaya culture human bones and wood (Fraxinus, Ulmus, Acer) from the same grave show the reservoir effect for the bones: Mu-Sharet-1, k. 5, g. 3, 195 yr; Mandjikiny-1, k. 14, g. 12, 265 yr; and Mandjikiny-2, k. 11, g. 2, 270 yr.
To investigate the reservoir effect in human bones, paired samples of wood, plant mat, and human bones taken from 4 Steppe North Caucasus burials were dated. Two such pairs have been obtained (see Table 8 ). The data from Zunda-Tolga-3 show a difference of 90 yr. The difference between 14 C dates of shell and animal bone appears larger than 4000 yr, which is obviously impossible and needs to be explained by further investigation. 
Paired samples of charcoal, animal bone, shell, and fish bone, and human bones from the Eastern Manych Catacomb graves, were dated. The results are shown in Table 8 as well. A few of these measurements (IGAN-2421, -3118; Bln-5529) were published earlier ; van der ).
Two terrestrial samples from Zunda-Tolga-1, kurgan 9, grave 1, are similar (sheep and charcoal). The situation for kurgan 10 is more complicated. The primary (3) and secondary (2) graves of 2 humans have the same archaeological association (funeral rite), so must date to the same period. However, the difference between the 14 C dates is 450 yr. The offset between the sheep from the primary grave and the human from the secondary grave is 400 yr. The stable isotope ratios for the human bones indicate the consumption of riverine food.
The offset between the human bone and Fraxinus wood from the Mandjikiny grave is 265 yr. The female from Temrta V, kurgan 1, grave 4, is older than the sheep from the same grave by 815 yr. The sheep shows high δ 15 N values (+10.16‰) and heavy δ 13 C (−16.06‰). We have a similar situation for the Chilgir grave. Here, the difference between the sheep and human bone is 250 yr.
Paired 14 C dating of Lola culture samples was also applied. The offset between the sheep bone and the human bone from the Ostrovnoy kurgan 3 is 1080 yr. This is unrealistically large and needs to be explained by further investigation. 14 C dates of wood and human bone samples obtained from Mandjikiny-1 are similar. This is also the case for dates obtained for Bos taurus teeth and human bone from Temrta I.
SUMMARY
A series of 14 C dates of human bone samples from the Eneolithic Khvalynsk cemetery and similar graves produced an age range of 5500-4700 cal BC (Chernykh et al. 2000; Telegin et al. 2001 ; Tri- (Agapov et al. 1990; Kirillova and Popov 2005) . A large aquatic component in the diet of the local population is shown by the stable isotope values. Thus, the dates obtained for human bone may show an apparent age of 2-3 centuries due to the reservoir effect; they are older than terrestrial samples, which are not affected by this effect. After applying a reservoir effect correction for the steppe Eneolithic period, the time interval for the Caspian steppe Eneolithic population has now changed to 4300-3800 cal BC.
Comparison of 14 C dates of the Steppe Majkop culture 14 C dates with 24 14 C dates of the Majkop culture of the North Caucasus (Trifonov 2000 (Trifonov , 2004 Shishlina et al. 2003; Korenevsky 2004) suggests that the steppe dates obtained for human bones are close to the North Caucasus dates or older. According to Trifonov (2000 Trifonov ( , 2004 , the age range for the Majkop culture of the North Caucasus is 3600-3000 BC. Unfortunately, stable isotope values for most of the 14 C-dated human bones are not available. Therefore, additional 14 C dating of bone animal items, deer teeth, and a textile fragment taken from the Majkop graves of the North Caucasus has been performed. The data are shown in Table 9 .
For the Steppe Majkop culture, the 14 C dates obtained for items made of animal bone are 300-400 yr younger than 14 C dates of human bones, and are very close to 14 C data obtained for animal bone and charcoal (Guamsky Grot; Novosvobodnoye site) (Trifonov 2000) . The 14 C dates of terrestrial samples obtained from Novosbobodnaya, kurgan 2 (deer teeth and textile), are similar. This shows that the 14 C date of the Majkop human bones turns out to be older due to the reservoir effect, caused by a riverine diet of the population. After applying a reservoir effect correction, we suggest a revision of the interval for the Steppe Majkop population to 3800-3000 cal BC.
The data set for the Yamnaya culture includes 35 14 C dates of human bones, wood, charcoal, and vegetable mats, taken from 28 graves (Shishlina 2008) . All 14 C dates of human bones show an apparent age offset and are older due to the reservoir effect, which is supported by the stable isotope values. An approximate reservoir correction for the regional Yamnaya culture would be 200 yr; thus, the time interval for this culture would now be 3000-2350 cal BC. A series of 14 C dates on human bones, wood, plant remains, and charcoal (at present, 66 samples) has been obtained for the Eastern Manych Catacomb culture. 14 C dates of human bones (ZundaTolga-1, 2, 3; and Mandjikiny) reveals a chronological problem. This culture appeared much earlier than the Early Catacomb culture population and even Yamnaya culture groups, around 2900/2800 BC. 14 C dates for some human bones are significantly older than those obtained for wood and plants, as well as for other human bones. Here, we observed a reservoir effect for human bone, yielding 14 C ages that are apparently too old. Also, a sheep bone shows an unusual δ 13 C value (−15.53‰). Paleoecological data indicate the change of pasture vegetation and appearance of C 4 plants.
14 C dates on human bones obtained from the Lola culture also revealed the reservoir effect in human bone collagen, but sometimes the dates of terrestrial samples and human animal bones are similar. For this culture, however, some animal bones (sheep) show exceptional isotope values, i.e. very high δ 15 N and very heavy δ 13 C.
We conclude that paleoecological, subsistence, and chronological records helped to identify climate changes. Climatic variations led to the change in vegetation pattern as well as in changes in food resources provided by steppe environmental conditions. Ethnobotanical data show that due to the aridization, C 4 plants appeared in vessel residues as well as in the soils buried under the kurgan embankment. They became a dietary component for humans as well as for animals. Stable isotope data also indicate that a large part of the everyday diet of all Eneolithic and Bronze Age groups consisted of aquatic products.
Parallel dates (Table 8) show that in almost all cases, the 14 C age for terrestrial samples (animal bone, textile, and wood) obtained from the same graves are similar. Samples of human bones, especially at times of ecological change, always show apparent ages. The size of the reservoir effects observed varies significantly, and can be centuries. It is evident that the chronology of Eneolithic and Bronze Age cultures of the Caspian steppes based on 14 C dates of human bones and shells, which are subject to reservoir effects, must be revised. 
